Little is known about the contribution of patient behavior to incomplete laboratory monitoring, and the reasons for patient non-completion of ordered laboratory tests remain unclear. OBJECTIVE: To describe factors, including patientreported reasons, associated with non-completion of ordered laboratory tests. DESIGN: Mixed-Methods study including a quantitative assessment of the frequency of patient completion of ordered monitoring tests combined with qualitative, semi-structured, patient interviews. PARTICIPANTS: Quantitative assessment included patients 18 years or older from a large multispecialty group practice, who were prescribed a medication requiring monitoring. Qualitative interviews included a subset of show and no-show patients prescribed a cardiovascular, anticonvulsant, or thyroid replacement medication. MAIN MEASURES: Proportion of recommended monitoring tests for each medication not completed, factors associated with patient non-completion, and patientreported reasons for non-completion. KEY RESULTS: Of 27,802 patients who were prescribed one of 34 medications, patient non-completion of ordered tests varied (range: 0-24 %, by drug-test pair). Factors associated with higher odds of test noncompletion included: younger patient age (< 40 years vs. ≥ 80 years, adjusted odds ratio [AOR] 1.52, 95 % confidence interval [95 % CI] 1.27-1.83); lower medication burden (one medication vs. more than one drug, AOR for non-completion 1.26, 95 % CI 1.15-1.37), and lower visit frequency (0-5 visits/year vs. ≥ 19 visits/ year, AOR 1.41, 95 % CI 1.25 to 1.59). Drug-test pairs with black box warning status were associated with greater odds of non-completion, compared to drugs without a black box warning or other guideline for testing (AOR 1.91,. Qualitative interviews, with 16 no-show and seven show patients, identified forgetting as the main cause of non-completion of ordered tests.
INTRODUCTION
Laboratory monitoring of many prescription medications is recommended to minimize the risk of drug-associated injury.
1,2 While failure to monitor medications is a leading contributor to adverse drug events (ADEs), 2 and laboratory monitoring is suboptimal for many drugs, 3, 4 patient factors that contribute to under-monitoring remain unclear.
Prior studies report inadequate laboratory monitoring of medications, but these studies do not examine patient completion of ordered testing. Some studies report clinician ordering only, 5, 6 while others report overall test completion rates. [7] [8] [9] [10] [11] In addition, little information is available about why patients fail to complete ordered laboratory tests. Patient understanding of the reason for testing may affect test adherence, as suggested by one study of warfarin. 12 Forgetting is known to be a common reason for missing physician appointments, 13, 14 but its role in performing laboratory tests is unknown. Health system factors have also been identified as reasons why patients miss appointments. 15, 16 Related work on abandoned prescriptions has suggested that patients' relationships with physicians, wait times in the pharmacy, condition of the facility, and copayments are associated with increased medication abandonment. 17 Evidence shows poor rates of patient medication adherence 18 and appointment attendance, 19 but the data are sparse regarding laboratory testing completion, especially with regard to ordering. Taken together, these knowledge gaps make it difficult to determine how to improve monitoring rates.
We conducted a mixed-methods study to characterize patient completion of laboratory test monitoring for chronic disease medications. Using a sequential approach, we used quantitative methods to first describe patient completion of laboratory monitoring tests for medications in the ambulatory setting and to characterize factors associated with test noncompletion. This was followed by qualitative interviews with patients to explore explanations for test non-completion and to solicit recommendations for interventions.
METHODS

Study Design and Population
This study was conducted in a large multispecialty group practice that provides most of the medical care for members of a New England-based health plan. In 2010, the group practice employed 330 outpatient clinicians, including 250 physicians at 23 ambulatory clinic sites covering 30 specialties. The practice uses the EpicCare Ambulatory electronic medical record (EMR) system (Epic, Verona, WI, Spring 2007 IU3) and provides care to approximately 180,000 individuals. The age and gender characteristics of the study population are similar to those of the general population of the United States, and include 36 % aged 65 years and older. While the health plan does not systematically measure race, the plan's market research indicates a racial mix consistent with the plan's catchment area, which includes whites 79 %, Hispanics 12 %, African Americans 5 %, and other races 4 %.
Quantitative Methods
Inclusion Criteria. For the quantitative study, patients were included if they received care from the multispecialty group, were age 18 or older, and had insurance from the associated health plan during the period of January 1, 2007 to July 31, 2008. Patients were excluded if not continuously enrolled during this period or were residing in a long-term care facility. Patients had to be prescribed a medication from a list of drugs with laboratory monitoring guidelines that were developed for a clinical decision support system of the multispecialty group's EMR (see Table 1 ), and have a monitoring test order in the EMR within the recommended time frame of the guidelines. Patients are not scheduled for testing appointments, but orders can be found in the EMR, with a start date and an expiration date during which the patient can present to any laboratory in the system on a drop-in basis.
The development of the monitoring guidelines is described in detail elsewhere, but consisted of a multi-step process that included review of existing guidelines, recommendations in the Physicians' Desk Reference (PDR), clinical guidelines, and black box warnings (BBW), consensus panel review by a national committee, and final review by a local expert panel. 20 While monitoring of international normalized ratio (INR) for patients on warfarin (Table 1) , the unit of analysis was the drug-test pair (e.g., colchicine has two drug-test pairs: colchicine-CBC and colchicine-creatinine). Tests ordered outside of the practice were not captured. For drug exposure, we used claims data to identify the first dispensing of one of the study medications prescribed in 2008. When a patient had more than one new start of the same drug during the study time frame, we used the first prescription for that drug only. Chronic medication use was defined as a dispensing with a previous dispensing within 6 months.
Completion of each ordered test was determined by matching the test order with test results, based on a unique order identifier. Test ordering was defined as having occurred if there was at least one recommended test for the drug-test pair ordered up to 365 days before the index dispensing in 2008, through 14 days after the dispensing if the test was indicated annually (or 180 days before to 14 days after index dispensing if the test was indicated every 6 months). For each drug-laboratory test combination, the proportion of tests completed of tests ordered by clinicians was determined for index dispensings in the observation period.
Key Predictor Variables. Patient characteristics include age, gender, number of prescriptions for study medications (one vs. > 1), health status using a comorbidity score, and visit frequency (0-5 visits, 6-10 visits, 11-18 visits, ≥ 19 visits). Comorbidity was measured using the Charlson score, based on ICD-9 codes from encounter data in the EMR and its Romano variation. 21, 22 The Charlson score, correlated with 1-year mortality, 23 is the most widely used comorbidity index. 24 Other Variables. Provider characteristics, including gender, age, and specialist versus primary care status, were included in the model. Prescription characteristics included the drug, a hierarchical indication for monitoring (defined as inclusion in a black box warning [BBW] , in clinical guidelines, or in the PDR-recommended testing for narrow therapeutic window), whether the drug had single or multiple recommended monitoring tests, and recommended testing frequency. The BBW category was identified by checking whether a given test addresses a warning via online databases (labeling only relevant drugtest combinations), with the caveat that even BBW status is reported differently in different locations. 25 Quantitative Data Analysis. Prescriptions, laboratory orders, and test completion were extracted from the EMR for the study period. We linked each prescription to scrambled IDs for both prescriber and patient, and then linked those entries to laboratory orders and completion data, as well as demographic and medical information for provider and patient.
To determine which factors were independently associated with laboratory test non-completion, we used unadjusted and adjusted logistic regression models with a robust covariance estimator (sandwich estimator) to adjust standard errors for clustering. This approach provides conservative nonparametric estimates. [26] [27] [28] [29] We first calculated robust standard errors based on clustering of medications within patients and separately performed calculations based on clustering within providers, ultimately clustering by provider for more conservative estimates. Using this model, odds ratios (ORs) of factors associated with test noncompletion were calculated.
Our modeling approach aimed to develop an explanatory model to identify factors that could be changed through intervention, rather than simply to obtain a best predictive model. 30 Therefore, unadjusted models examined relationships between each predictor and confounding variables. Final models included factors hypothesized to be associated with test ordering a priori, and factors associated with test ordering at the p<0.20 level in the unadjusted analyses. The final model (Table 2 ) included patient gender, age, visit frequency, medication burden, and new user status, as well as evidence level for testing, recommended testing frequency, number of recommended tests, and provider specialty.
We also calculated the c statistic to compare the multivariable logistic regression models. Analyses were conducted in SAS 9.2 (SAS Institute, Cary, NC) and StataSE (Stata Statistical Software: Release 11.1, Stata Corporation, College Station, TX, USA).
Qualitative Methods
Using a semi-structured interview format, we interviewed patients to explore their perceptions on non-completion of laboratory tests.
Qualitative Interview Guide Development. We developed an interview guide, based on factors and domains associated with patient-non-completion of health services identified from a review of the literature. [13] [14] [15] [16] 19, [31] [32] [33] [34] [35] Questions addressed the following topics: whether the patient had completed or missed any laboratory tests in the past year; underlying reason for laboratory tests; views on the importance of understanding the reason for the test; provider's explanation of the reason for the test; experience at lab; presence of reminder systems, from either the patient or the clinic; burden of and other barriers to laboratory testing; and speculation about reasons patients might miss tests. The initial interview guide was pilot tested with two patients for comprehension and flow, and was revised accordingly.
Patient Recruitment and Data Collection. We used a purposive sampling approach to select patients from those included in the quantitative study who completed or did not complete a laboratory test ordered for one of the study medications. This sampling strategy aimed to include both men and women, as well as young and older (65 years old) adults. Patients were eligible if they had a prescription for one of a subset of study medications prescribed in the outpatient setting for a chronic condition (cardiovascular [ACE inhibitors and angiotensin receptor blockers {ARBs}, statins, digoxin, diuretics, fibrates, niacin, and potassium supplements], anticonvulsant [phenytoin, valproic acid, carbamazepine and phenobarbital], or thyroid replacement medications), had an order for a related lab test, received care at the multispecialty group practice, were aged 18 or older, and spoke English. We excluded patients unable to provide informed consent due to a history of cognitive impairment or severe mood disorder.
To identify potential interviewees, a member of the research team reviewed a list of patients who missed an ordered laboratory test between July 2008 and October 2010. Missed tests (as well as completed tests) were identified by reviewing the expected completion date for the test and determining whether the date had passed without a completed test registered in the system.
After reviewing the EMR to confirm each patient's eligibility, a research nurse sent letters inviting eligible patients to participate. If patients did not respond to the letter after 1 week, the research nurse contacted patients via telephone and invited them to an in-person interview in our research office or the option of participating in a telephone interview if there was an indication of transportation difficulties in the medical record, or if the patient suggested travel would limit participation.
We sent study invitation letters to 102 patients; 36 patients declined to participate, 35 weren't reached, and 31 expressed interest in participating; of the latter, we interviewed 23 (16 non-adherent/'no-show' and seven adherent/'show' patients). We contacted and interviewed the non-declining patients until theme saturation was achieved, the point in the interviews where we no longer heard new ideas from participants, [36] [37] [38] which prior research suggests can be reached in as few as 12 interviews. 36 We conducted 23 interviews (16 no-show and seven show patients). Interviews took about 45 min and patients were given a $25 stipend.
Qualitative Data Analysis. Each interview was audiorecorded and transcribed. Using a grounded theory approach, 39 two researchers (SF, SG) developed codes based on four transcripts (17 % of total sample). They conducted a transcript-by-transcript iterative process of independently coding and then meeting to reconcile differences. By the fourth transcript, the research team was confident of coding consistency, and SG moved forward with coding the remaining transcripts. The codebook developed by the two researchers was used to code the remaining transcripts and helped us determine when theme saturation was reached.
Analyses were conducted using NVivo qualitative data analysis software (QSR International Pty Ltd. Version 8, 2008 , Victoria, Australia). Patients provided informed consent prior to participating in the interview. This study was approved by the institutional review boards of the University of Massachusetts Medical School and the multispecialty group practice. 
RESULTS
Patient Population
The final study sample included 27,802 patients prescribed one of 34 medications or medication classes, some of which had multiple recommended tests, resulting in a total of 55,592 drug-test pairs with ordered laboratory monitoring tests. Patients had a mean age of 67, were prescribed on average two study medications each (ranging from 1-9), and received care from one of 251 providers. Table 3 shows patient non-completion of ordered tests for the most prescribed study medications. Overall, patient noncompletion was responsible for a lower proportion of the non-completion for each drug-test pair than clinicians' lack of ordering (for the entire data set, 85 % ordered vs. 92 % completion of ordered tests), but patient non-completion still accounted for a portion of overall non-completion. The rates varied based on drug-test pair. Patient non-completion rates, including only those drug-test pairs with more than 100 orders, varied from 2.3 % (Digoxin-creatinine and Digoxin-potassium) to 24 % (loop diuretics-BMP). In general, non-completion of different tests for the same drug (e.g. carbamazepine-AST, carbamazapine-CBC) was more similar than non-completion rates of the same test for different medications (e.g., AST tests for carbamazepine vs. for azole antifungals).
Quantitative Assessment of MedicationMonitoring Non-Completion
Factors 
Qualitative Results
Of the 23 patients interviewed, the mean age was 63 years, 73.9 % were female, 100 % were white (Table 4) , and 78 % were prescribed a cardiovascular medication. Two main domains were discussed during the interviews: the effect of patient factors and the effect of provider factors on lab attendance.
Patient memory played the largest role in contributing to non-completion. Of the 16 patients who did not complete an ordered test, seven patients reported they did not remember their lab test order, while four others were unaware that they did not complete a lab test order. Three other patients reported that competing demands prevented them from reaching the lab. One patient missed his test due to transportation issues, and another came to the lab, but decided to leave before his blood was drawn because the phlebotomist on duty had never drawn his blood before.
Patient knowledge and beliefs did not appear to affect noncompletion. Most patients (17; 12 no-show, five show) were able to explain the reason for their lab test. Patients most commonly spoke about tests as necessary for preventing side effects (eight;, six no-show, three show), adjusting medication dose (ten; nine no-show, one show), and checking organ function (14; eight no-show, five show). The majority (18; 15 no-show, three show) expressed understanding of the connection between the test and their medication. Nearly all (20; 14 no-show, six show) said that it was important to understand the purpose of the test. None reported they missed a lab test due to not understanding the reason for the test. Discussions explored other patient-related issues, including medication adherence, presence of personal reminder system, and relationship with provider, but did not establish any other connections with test completion.
Interviews did not identify a relationship between provider-related processes and non-completion. Most patients (18; 12 no-show, six show) received an explanation from their provider about the reason for the lab test and expressed satisfaction with that explanation (16; ten noshow, six show). No patient attributed a missed lab test to not receiving an explanation from his/her provider. In addition, the majority of participants (17; 11 no-show, six show) noted that their provider follows up with results after a lab test. Three participants (two no-show, one show) were discontented with follow-up, but it did not influence them to miss a test. Nine no-show patients stated that they did not have a problem with the frequency of lab test orders; no patient complained of having too many tests.
Patients highlighted certain facility operations as facilitating completion. Some (nine; six no-show, 3three show) noted the convenience of the facility hours or ability to perform a lab test order at a non-fixed time. Others (seven; five no-show, two show) appreciated the option to choose from different locations. When asked if the multispecialty group practice should send a particular type of reminder, some participants (nine; seven no-show, two show) expressed preference for a telephone call, while others did not have a preference (six; four no-show, two show) or thought a reminder would be unnecessary (four; two noshow, two show).
DISCUSSION
This mixed-methods study adds to the literature on laboratory monitoring of medications, by quantifying the contribution of patient test completion of overall monitoring and providing patient perspectives about test completion. While prior literature either evaluates only physician test ordering 5, 6 or overall test completion, 8, 9 rarely are both reported. 20, 40 Most studies have reported only completion rates, usually determined from claims data, 41 while we have separated outcomes into test ordering and patient completion of ordered tests. Our study further builds on prior work by using qualitative techniques to study patient noncompletion.
The highest prevalence of patient non-completion of an ordered test for a prescribed medication with over 100 users was 23.6 %, a metabolic panel (or creatinine and potassium) test for patients taking a loop diuretic. Overall, we found levels of non-completion of ordered tests lower than those found in studies focusing on completion of monitoring at medication initiation. 3 Quantitative analysis found non-completion of laboratory monitoring associated with patient age and patient visits, with younger age and fewer visits associated with less completion. Being on fewer medications or having fewer tests recommended for a given medication also increased 
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the odds of non-completion. Older, sicker patients may have more contact with the health care system, and consequently have more opportunities for testing. Interestingly, however, black box warning status, a proxy for the seriousness of the potential adverse event caused by a drug, was associated with decreased completion, although associated with increased ordering. It is concerning that patients are less likely to complete testing for these medications, particularly since we have shown that providers order such tests at higher rates. Interventions should target tests ordered for patients taking these medications via the patient, the prescriber, or the system.
We also found that new users of a medication were much less likely to complete ordered tests, perhaps due to lack of familiarity with the test process or the reasons behind the test. Test frequency was not associated with non-completion, perhaps because this factor reflects the recommended frequency of testing, not the actual ordered frequency, which is more likely to affect patient behavior. However, we only included the first incidence of each type of test for each prescription.
Our qualitative study found that patients were generally satisfied with the current clinical processes for lab tests. Patients largely attributed non-completion to forgetting or a lack of awareness to the order instead of to the practicefactors, such as logistical access or laboratory facility hours, which previous studies have reported as important for patients missing clinician appointments. 15, 16 Most patients did not advocate for a particular change within the clinical operations. Patient views and insufficient knowledge did not appear to lead to non-completion; most patients were able to explain, and believed it was important to understand, the reason for the lab test. Although patients did not fault the current system, the system may contribute to forgetting. At the study practice, as is not unusual in ambulatory settings, providers enter an expected completion date for lab tests rather than a specific date; as a result, patients can perform the test at any time through this completion date, rather than having a specific pre-scheduled appointment for the laboratory test. This flexibility generally works, with relatively high overall completion rates, but without a concrete appointment, human factors make it easy to forget to complete an open order. Responses from patients in our study suggest that telephone reminders may be a well-received method of addressing this issue.
This study did not reveal a single overriding explanation for incomplete laboratory monitoring. Interventions will have to target both test ordering and completion, and investigators should report the two rates separately. 42 Strengths of the current study are the identification of factors associated with test non-completion using both quantitative and qualitative methods. This work was facilitated by the integrated electronic health and claims system used for our study. As EMRs become more prevalent, health care systems and investigators may benefit from further disentangling provider and patient contributions to similar quality-of-care metrics. This will allow better targeting of quality improvement initiatives for both patients and providers.
This work is particularly relevant today, as more and more providers adopt electronic records that allow them to track the testing process in more detail, and as reporting requirements increase the level of monitoring and quality management. EMRs are expected to increase quality of care in general and medication management in particular, 43 ,44 but it's not clear that they are yet fulfilling this goal. 45 A recent study on Healthcare Effectiveness Data and Information Set (HEDIS) guidelines for monitoring gives an example of how the shift of the source of data from claims data to EMR data can significantly alter results: when using claims data as the source, the reported item is effectively test completion, while using EMR data gives test ordering, which will necessarily be as high or higher. Thus, using claims data for quality reporting compared to EMRs will underestimate quality of care. 46 As quality ratings increasingly become a factor in reimbursement and as Accountable Care Organizations (ACOs) expand as the Affordable Care Act is further implemented, the distinction between these sources of data and their implications will be even more central.
Limitations of our study should be noted. First, laboratory tests may have been ordered for another reason (i.e., not for monitoring), so that we may have overestimated the prevalence of recommended testing. We may have missed monitoring that was done outside of our system, but prior research suggests that this is unlikely. 47 Third, the interviewed patients may not be representative of the whole population (all white and educated); the same barriers that prevent completing testing may also impede appearing for an interview. We attempted to overcome that issue with telephone interviews to reach more patients, but we cannot rule out that we missed patients who had other major barriers to both testing and interviewing. Because we selected interview participants from a list of patients who missed a test in the past year, the elapsed time between the missed test and scheduled interview could affect accuracy of recall. Lastly, our subjects were all continuously enrolled members of a single health plan, and we only studied the ambulatory setting, limiting the generalizability of our findings.
Our study demonstrates that patient non-completion contributes to under-monitoring of prescribed medications. Younger, healthier patients may be more likely to not complete ordered laboratory tests, along with patients with medications that have black box warnings, which are presumed to pose higher risk. Reminding providers to order tests will not be sufficient, as patients do not reliably complete ordered tests. Our results further suggest that provider factors were not major reasons for test noncompletion. Similarly, patient understanding did not seem to be a large factor in the decision to complete a test.
Patients reported that they simply did not remember to get tests. Patients, particularly those at high risk of not completing tests, should be targeted directly for reminders or other interventions, ideally through a modality of their choice, in order to maximize completion.
